Recent studies showed that dopamine or D1 receptorselective agonists increased brain-derived neurotrophic factor (BDNF) mRNA and protein expression in neuronal cultures, and this action was blocked by SCH23390. Moreover, SKF38393 activated Trk receptors and downstream signaling in striatal neurons. This study examined whether dopamine agonists induce the expression of BDNF protein in rat brain tissue. Acute slice preparations were incubated with dopamine agonists in Hibernate A medium and BDNF protein was measured by a sensitive enzyme-linked immunosorbent assay. Results showed that dopamine increased BDNF in tissue slices after 24 h of incubation. Furthermore, SKF38393 produced a significant increase in BDNF protein in striatal and hippocampal tissue slices. These findings suggest that the induction of BDNF expression may constitute a downstream response to D1-like dopamine receptor activation.
Introduction
Dopamine is a catecholamine neurotransmitter known to modulate neuronal activity [1] [2] [3] as well as key physiological functions related to locomotion, reward, and cognition [4, 5] . Dopamine exerts its actions by interacting with five known subtypes of specific membrane receptors belonging to the seven transmembrane domain G protein-coupled family of receptors [6] . Based on their sequence homology and pharmacology, these five subtypes of dopamine receptors are further categorized into two subfamilies of receptors known as D1-like and D2-like receptors [7] . The D1-like subfamily consists of the D1 and D5 receptors, whereas the D2-like subfamily consists of D2, D3, and D4 receptors [7] .
Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family consisting of nerve growth factor, BDNF, neurotrophin-3 (NT-3), and NT-4/5 [8] . These neurotrophins play important roles in the development, differentiation, maintenance, and survival of distinct and overlapping neuronal populations within the central and peripheral nervous systems [9] . BDNF signaling is initiated by the binding of BDNF to the TrkB receptor. Once activated, the TrkB receptor autophosphorylates specific tyrosine residues within its intracellular domains. The phosphorylated tyrosines serve as protein interaction sites for SHC (SH2-containing adapter protein). Tyrosine phosphorylation of SHC subsequently triggers the phosphorylation of multiple targets that include Raf and MAPK/ERK. Through its high-affinity TrkB receptor, BDNF leads to the activation of three intracellular signal transduction systems, namely, the MAPK signal transduction cascade (MAPK/ERK), PI3K pathway, and phospholipase Cg [10] [11] [12] .
An earlier study reported that stimulation with dopamine or a D1 dopamine receptor agonist increased BDNF expression but not TrkB mRNA in neuronal cultures, and this response was attenuated by SCH23390 [6] . Furthermore, it has been reported that striatal neurons incubated with the D1 receptor agonist SKF38393 showed increased sensitivity of TrkB receptors, and this action was accompanied by the phosphorylation of phospholipase Cg, Akt, and MAPK [13] . In contrast, K-252a, a Trk tyrosine kinase inhibitor, or a dopamine D1 receptor antagonist could block the effects of SKF38393 [13] . These results provide evidence for linking dopamine receptor activation to increased BDNF expression and signaling. However, it remains to be determined whether dopamine or D1 receptor agonists would enhance the expression or action of BDNF protein in native brain tissue. In this study, dopamine and receptorselective agonists were tested for the effects on BDNF protein expression in slice preparations of rat brain tissue. The results show that dopamine can increase BDNF protein expression in discrete brain tissues, and that this action is mimicked by the D1 agonist SKF38393 but not by the D2 agonist quinpirole.
Materials and methods

Animals
Male Sprague-Dawley rats weighing 175-200 g were obtained from Zivic Laboratories (Pittsburgh, Pennsylvania, USA). The animals were caged in groups of three and housed in climate-controlled facilities with a 12-h light/ dark cycle and free access to food and water. Protocols for the care and use of the experimental animals were approved by the Institutional Animal Care and Use Committee and conformed to the NIH Guide for the Care and Use of Laboratory Animals.
Drugs
Dopamine HCl, SKF38393 [( ± )-1-Phenyl-2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol] and Quinpirole (Sigma-Aldrich, St Louis, Missouri, USA) were dissolved and further diluted to use concentrations in sterile Hibernate A medium (Brainbits LLC, Springfield, Illinois, USA).
Assay of brain-derived neurotrophic factor protein levels in tissue slices Animals were decapitated and frontal cortex, striatum, and hippocampus were dissected out. The brain tissues were cut into 350 Â 350 mm slices and washed immediately using Hibernate A medium (Brainbits LLC). Tissue slices were preincubated for 1 h at 371C and 5% CO 2 and washed with Hibernate A medium. A 75-ml aliquot of tissue slices was added to each well of a 24-well plate containing 325 ml Hibernate A. Drugs at indicated concentrations were added in 25-ml volumes to appropriate wells and incubation continued for up to 24 h at 371C and 5% CO 2 . Each tissue slice suspension was transferred to a microcentrifuge tube containing ice-cold homogenization buffer [137 mM NaCl, 20 mM Tris (pH 8.0), 1% Triton X-100, 10% glycerol, 1 mM protease inhibitor cocktail (Sigma-Aldrich)]. Tubes containing the homogenates were incubated for 20 min at 41C on a rocking platform and then centrifuged at 17 000g at 41C for 15 min. The supernatant was transferred to another tube and aliquots of the protein extract were assayed for BDNF protein expression using the Promega BDNF enzyme-linked immunosorbent assay system according to the manufacture protocol (Promega, Madison, Wisconsin, USA). Briefly, 96-well plates were coated with anti-BDNF mAb and nonspecific binding was blocked with Block & Sample buffer (Promega). The immobilized anti-BDNF mAb was incubated with BDNF standard or test samples followed by incubation with anti-human BDNF pAb. After incubation with anti-IgY horseradish peroxidase conjugate, TMB One solution (3,3 0 ,5,5 0 -tetramethylbenzidine) was added and color detection was achieved at 450 nM using SpectraMax Pro plate reader (Molecular Devices, Sunnyvale, California, USA).
Data analysis
Each experiment was performed on multiple occasions so that sample sizes of 6-9 were accumulated. In general, data were analyzed by analysis of variance using GraphPad Prism software (GraphPad Software Inc., San Diego, California, USA), followed post hoc by either the Dunnett's test to determine which of the tested treatments differed significantly from the respective control group, the Tukey's test to determine which among the various pairs of treatments or control groups were significantly different, or Bonferonni's test to compare pairs of control and treatment groups at each dose point. Statistical comparisons were considered significant at a P value of less than 0.05 or better. Subsequently, data were pooled and processed for graphical presentation.
Results
Tissue slices prepared from the rat frontal cortex and incubated with dopamine at various concentrations for 3-24 h showed significant and concentration-dependent increases in BDNF protein expression [analysis of variance F(2,52) = 8.89, P < 0.01] after 24 h incubation ( Fig. 1) . Preliminary experiments showed that the slice preparations incubated in Hibernate A medium remain metabolically active after 24 h, as detected by XTT assay (Sigma-Aldrich) and by the incorporation of tritiated myo-inositol into inositol phospholipids when the radiolabel was added from the 24th to the 27th hour of incubation (data not shown). Hence, the BDNF observations are probably physiologic responses to the agonist.
To determine the brain regional dependence of the dopamine response, tissue slices were prepared from the rat frontal cortex, striatum, or hippocampus and tested with various concentrations of dopamine. Dopamine significantly increased BDNF protein expression Time course for brain-derived neurotrophic factor (BDNF) protein expression in cortical tissue slices. Tissue slices were incubated with dopamine at various concentrations for 3, 12, or 24 h. The data represent the mean ± SEM (n = 9). Samples collated from three separate experiments and are presented as percentage change in BDNF protein expression compared with control samples. Basal levels of BDNF protein expression varied among the tested brain regions, with the hippocampus having the highest levels of the expressed protein.
Slices prepared from the frontal cortex showed a significant increase in BDNF protein expression in response to 300 mM dopamine after 24 h incubation. ***P < 0.001 compared with control as determined by one-way analysis of variance followed with Tukey's post-hoc analysis.
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in all three tissue preparations (Fig. 2) . The lowest concentration of dopamine that induced a significant effect in any brain region was 30 mM. Although the effects in the frontal cortex [F(3,11) = 10.01, P < 0.01] were significant only at the highest tested concentration of 300 mM, the striatum effects peaked at 30 mM [F(3,11) = 4.638, P < 0.05] and declined thereafter. In the hippocampal tissues, dopamine increased BDNF protein expression [F(3,11) = 9.901, P < 0.01] through to the highest tested concentration of 300 mM (Fig. 2) .
Dopamine receptor subclass-selective agonists also were tested for possible effects on BDNF protein expression. Tissue slices prepared from the frontal cortex showed no change in BDNF protein expression in comparison with control after treatment with SKF38393 or quinpirole (Fig. 3 ). In hippocampal [F(2,54) = 8.74, P < 0.05] and striatal tissue slices [F(2,54) = 6.65, P < 0.05], SKF38393 produced a significant increase in BDNF protein expression, similar to the effects of dopamine. Quinpirole, however, had no effect on BDNF protein expression in any of these brain regions, implying that the response might be mediated through the D1-like subclass of dopamine receptors.
In general, basal concentrations of BDNF protein expression were highest in the hippocampus (50 pg/ml), whereas the levels in the striatum (20 pg/ml) and the frontal cortex (25 pg/ml) were similar (Fig. 3 ). This pattern of basal activity distribution and agonist responsiveness is reminiscent of D1-like receptor induction of phosphoinositide signaling as previously reported for various parameters of this signaling system.
Discussion
A summary of the results shows that dopamine increased BDNF expression in a concentration-dependent manner in cortical, striatal, and hippocampal tissue slices after 24 h of incubation. Furthermore, in hippocampal and striatal tissue slices, SKF38393 produced a significant increase in BDNF protein expression, similar to the effects of dopamine. Quinpirole, however, had no effect on BDNF protein expression in any of these brain regions.
To our knowledge, this is the first study to show the effects of dopamine receptor agonist on BDNF protein expression in brain tissue slices. The advantage of using tissue slices is that it provides a model for the rapid evaluation of cell function at the single cell level, which includes investigation of signaling mechanisms and changes in metabolic processes. What is encouraging is that our results correlate with other studies that have shown that dopamine modulates BDNF protein expression in astrocytes [14] and striatal neurons [6] . Our results also reveal that dopamine increased BDNF protein expression in a time-dependent manner, with 24 h being the interval which produced dose-dependent increases in BDNF protein expression ( Fig. 1) . Furthermore, experiments conducted to determine the viability of the brain tissue slices after long-term incubation showed that incubation STR HIP * * * * * Brain regional effects of dopamine on brain-derived neurotrophic factor (BDNF) expression in tissue slices. Tissue slices were incubated with dopamine at various concentrations for 24 h and BDNF protein levels were measured by enzyme-linked immunosorbent assay. The data represent the mean ± SEM (n = 9). Tissue slices prepared from the frontal cortex (FC) showed a significant increase in BDNF protein expression at 300 mM. Treatment of hippocampal (HIP) tissue slices with dopamine produced a significant increase in BDNF protein expression at 100 and 300 mM concentrations. Striatal (STR) tissue slices were more sensitive to dopamine treatment with 30 mM producing a significant increase in BDNF protein expression. *P < 0.05; **P < 0.01 compared with wells that received no treatment as determined by Tukey's post-hoc analysis.
in Hibernate A medium was capable of keeping tissues alive for 24 h or longer (data not shown). Owing to its relatively fast oxidation and enzymatic breakdown, dopamine is not expected to survive in the tissue up to 24 h. Thus, we conclude that this time pattern in protein synthesis reflects the time required for mRNA synthesis and its subsequent translation into BDNF protein. In fact, as others have reported, it takes 3-6 h to obtain drug-induced increases in BDNF mRNA, which must then be followed with protein translation [15] .
After determining the dose-related and time-dependent effects of dopamine on modulating BDNF protein expression in cortical tissue slices, we examined and compared dopamine effects on BDNF expression in other brain regions receiving dopaminergic input. We found regional differences in the ability of dopamine to modulate BDNF protein expression ( Fig. 2) . Dopamine receptors are differentially expressed in various brain regions [16] coupled to intracellular signaling pathways involved in ultimately regulating BDNF protein expression [7, [17] [18] [19] . Consequently, the regional selectivity of our observations may be because of a combination of overlapping localization of dopamine receptors in the examined brain regions [16] , the signaling pathways that they couple to, and the distribution of BDNF expression [20] .
Treatment with dopamine D1-selective agonist SKF38393 increased BDNF protein expression above that observed after dopamine treatment in the striatum and hippocampus, suggesting that the observed increase in BDNF expression may result from dopamine D1 receptor activation (Fig. 3 ). It seems that this increase in BDNF protein expression, specifically in the striatum, may be responsible for the increase in the level of phosphorylated TrkB in striatal neurons. This is based on studies showing that SKF38393 increased the level of phosphorylated TrkB in striatal neurons, whereas the D2 receptor agonist quinpirole failed to stimulate TrkB phosphorylation [13] . The investigators conclude that acute stimulation of D1 receptors leads to TrkB receptor transactivation. In contrast, TrkB receptor activation could be because of increased activity of other neurotrophins, such as NT-4 [21] .
Conclusion
The dopaminergic system serves as the reward system of the brain and therefore plays a central role in the addictive processes [22] . BDNF, also, has been implicated in the actions of various addictive drugs, including cocaine [23, 24] . Overall, the results of this study suggest that dopamine D1 receptor signaling can contribute to increase BDNF protein synthesis, which could potentially initiate BDNF/TrkB activity. This finding could have implications for the selective role of D1-like receptor signaling and of BDNF in regulating dopamine-mediated behaviors such as reward, cognition, and motor activity. Further clarification of the mechanisms underlying dopamine-BDNF signaling could lead to the uncovering of biomarkers and targets for Effects of dopamine receptor agonists on brain-derived neurotrophic factor (BDNF) protein expression in vitro. Tissue slices were incubated with dopamine (DA), SKF383893 (SKF), or quinpirole (QUIN) at indicated concentrations for 24 h and the levels of BDNF protein assayed by enzyme-linked immunosorbent assay. The data represents the mean ± SEM (n = 9). Treatment of hippocampal (HIP) and striatal (STR) tissue slices with DA and SKF significantly increased BDNF protein expression. *P < 0.05 compared with wells that received no treatment as determined by two-way analysis of variance followed by Tukey's post-hoc analysis. FC, frontal cortex.
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the development of novel pharmacotherapeutics for drug addiction or other dopamine-associated brain disorders.
